The quest for a mechanistic understanding of biodiversity-ecosystem services relationships by Duncan, C et al.
 on December 11, 2015http://rspb.royalsocietypublishing.org/Downloaded from rspb.royalsocietypublishing.orgReview
Cite this article: Duncan C, Thompson JR,
Pettorelli N. 2015 The quest for a mechanistic
understanding of biodiversity–ecosystem
services relationships. Proc. R. Soc. B 282:
20151348.
http://dx.doi.org/10.1098/rspb.2015.1348Received: 4 June 2015
Accepted: 15 September 2015Subject Areas:
ecology, environmental science
Keywords:
biodiversity, ecosystem services,
ecosystem function, mechanisms, proxies,
biodiversity–ecosystem services relationshipsAuthor for correspondence:
Clare Duncan
e-mail: clare.duncan@ioz.ac.uk& 2015 The Authors. Published by the Royal Society under the terms of the Creative Commons Attribution
License http://creativecommons.org/licenses/by/4.0/, which permits unrestricted use, provided the original
author and source are credited.The quest for a mechanistic
understanding of biodiversity–ecosystem
services relationships
Clare Duncan1,2, Julian R. Thompson2 and Nathalie Pettorelli1
1Institute of Zoology, Zoological Society of London, Regent’s Park, London NW1 4RY, UK
2Department of Geography, University College London, Gower Street, London WC1E 6BT, UK
Ecosystem services (ES) approaches to biodiversity conservation are curren-
tly high on the ecological research and policy agendas. However, despite a
wealth of studies into biodiversity’s role inmaintaining ES (B–ES relationships)
across landscapes, we still lack generalities in the nature and strengths of these
linkages. Reasons for this aremanifold, but can largely be attributed to (i) a lack
of adherence to definitions and thus a confusion between final ES and the
ecosystem functions (EFs) underpinning them, (ii) a focus on uninformative
biodiversity indices and singular hypotheses and (iii) top-down analyses
across large spatial scales and overlooking of context-dependency. The bio-
diversity–ecosystem functioning (B–EF) field provides an alternate context
for examining biodiversity’s mechanistic role in shaping ES, focusing on
species’ characteristics that may drive EFs viamultiple mechanisms across con-
texts. Despite acknowledgements of a need for B–ES research to look towards
underlying B–EF linkages, the connections between these areas of research
remains weak. With this review, we pull together recent B–EF findings to
identify key areas for future developments in B–ES research. We highlight a
means by which B–ES research may begin to identify how and when multiple
underlying B–EF relationships may scale to final ES delivery and trade-offs.1. Introduction
In recent decades, conservation science has seen a gradual shift of focus away from
traditional ‘fortress conservation’ towards balancing the requirements of both bio-
diversity and humans [1]. The fundamental means by which people benefit from
the world’s ecosystems is through the goods and services that their healthy func-
tioning provides [2]. By directly producing goods and facilitating ecosystem
functions (EFs; [3,4]), biodiversity may be a key driver of ecosystem services (ES)
[5,6]. Areas of high importance for biodiversity conservation and ES delivery can
sometimes be identified [7,8], meaning that there may be clear co-management
opportunities [9,10]. This has led to increasing policy-level emphasis on whole-
ecosystem approaches to biodiversity conservation [11]. However, significant
debate remains over the relevance of ES approaches to biodiversity conservation
[12,13], especially so as our understanding of biodiversity and ES linkages (B–ES
relationships) remains incomplete [5]. A linear positive association between biodi-
versity and delivery of individual ES is indeed not always manifest. B–ES
relationships have been found to (i) take varying forms and shapes (e.g. nonlinear
relationships; [14–16]), (ii) displaymixed relationships [5] or (iii) be altogether non-
existent [5,6]. The existence of mixed B–ES relationships for individual ES high-
lights the great variability in the influence of biodiversity on a given ES in a
given context [5,6]. Moreover, variation in individual B–ES relationships can
ultimately result in trade-offs, as well as synergies, betweenmultiple ES [5,15–20].
Sowhydowe see such variability in B–ES relationships? B–ES research has his-
torically taken a rather top-down, correlative approach, with the underlying
ecological mechanisms being mostly ignored [18,21]. As a result, and despite the
ever-increasing body of the B–ES literature, we are still a long way from
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Figure 1. Schematic of the complex linkages (‘cascade’ [25]) involved in final ES delivery. The examples of ES, underlying ecosystem functions (EFs; also termed
‘intermediate services’ [24]), abiotic and societal factors represent a non-exhaustive selection.
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across landscapes. Some of the means by which we may begin
to deepen our understanding of biodiversity’s mechanistic
influence on ES liewithin the theory, recent findings andmetho-
dologies of the biodiversity–ecosystem functioning (B–EF)
literature. However, the B–ES and B–EF fields are increasingly
acknowledged to be detached [5], rarely working together and
generally being conducted in different contexts and at com-
pletely different scales. Lessons from the wealth of emerging
mechanisticB–EFresearcharenot currentlyextended to examin-
ing B–ES relationships.Wemay thus be looking at too simplistic
a picture of B–ES relationships andoverlooking opportunities to
link biodiversity and ES delivery via full functional pathways.
This review aims to bridge this gap, drawing from recent
findings and theories from the B–EF literature to develop a
greater mechanistic understanding of B–ES relationships,
working from the bottom-up and extending linkages between
biodiversity and the EFs underlying individual ES to multiple
ES delivery across landscapes. We begin by highlighting key
areas for concern in current understanding of B–ES; we then
discuss lessons to be learned from the B–EF field; we finally
introduce a hierarchical research framework based on combin-
ing recent theoretical advances in both fields to enhance the
mechanistic basis of current B–ES understanding.2. The role of biodiversity in ES delivery:
key areas for concern
(a) Inappropriate indices and proxies
(i) ES
The B–ES field has historically seen much ambiguity in ES
definition [4,22–24]. Rigorous re-characterization has now
resulted in clear separation of ‘intermediate services’ (in rea-
lity EFs and referred to as such hereafter) that underpin ‘final
ES’ delivery (figure 1; [24,25]). Observational B–ES research
has, however, been slow to adopt this classification [4,24],the result being use of misinformed and inconsistent ES
proxies [26–28]. Underlying EFs are routinely measured
(e.g. soil retention, net primary productivity; NPP), under
the assumption that such proxies will hold to single [8,29]
or multiple final ES [30] (see also [27]). A recent study has
revealed that this latter assumption is not always plausible,
with some ES (pest control and pollination) diminished in
highly productive cropland areas [31]. Use of partial EF proxies
means that complete B–ES linkages are rarely explored, redu-
cing the mechanistic and predictive capacity of B–ES research
[21]. For example, ecosystem carbon sequestration and storage
ES relies upon, e.g. plant biomass production, nutrient cycling,
soil turnover and water retention EFs, and these may have
complex interconnections and independent linkages with bio-
diversity (e.g. [29,32]). Furthermore, there has been much
variability in the indices used to quantify final ES ([33];
i.e. the field has yet to reach consensus on a standard set of
proxies [34]); this is currently limiting our ability to generalize
from observed B–ES relationships.
(ii) Biodiversity
Inherent to the Convention on Biological Diversity’s defi-
nition is that biodiversity is multifaceted and a complex
beast to measure (box 1; [35]). Strict B–ES research relies on
simplistic, species-level indices of biodiversity, e.g. species
richness (box 1; [6,27]; but see [43]), despite acknowledgements
of their limited relevance [30]. There is indeed little theoretical
basis that increasing units of species should always result
in increased ES delivery [3]. Biodiversity is fundamentally
composed of three axes (taxonomic, structural (community
complexity) and functional diversity), and species richness
captures little of this overall information [35]. Species identity
and relative abundance may instead assert key controls on
EFs and final ES [44–46]. Use of simplistic indices means
B–ES research currently lacks evaluation of how organisms
contribute to final ES delivery.
B–ES research has frequently indexed biodiversity using
policy- over ecologically-relevant measures: threatened species
Box 1. Biodiversity: definitions and selected taxonomic and functional indices.
CBD definition of biodiversity
The variability among living organisms from all sources including, inter alia, terrestrial, marine and other aquatic ecosystems
and the ecological complexes of which they are part; this includes diversity within species, between species and of
ecosystems.
Taxonomic diversity
Species richness. The number of species in a community or taxonomic group in a specific area (Hill Numbers of ‘True Diver-
sity’ N0; [36]).
Alpha diversity. Combined diversity measures describing species richness and evenness of a community (Hill Numbers 1N,
2N . . . InfN; [36]).
Species evenness. The relative abundance structure of species in a community (Hill Numbers evenness ¼ 2N/1N; [36]).
Gamma diversity. The total diversity of species across a landscape (e.g. Hill Numbers 1Ng ¼ 1Na  1Nb, 2Ng ¼ 2Na þ 2Nb;
[36,37]).
Beta diversity. The diversity of species among communities; the difference in composition and diversity between communities
occupying different areas across a landscape (e.g. Hill Numbers 1Nb ¼ 1Ng/1Na, 2Nb ¼ 2Ng2 2Na; [36,37]).
Functional diversity
Functional diversity comprises three major components: richness, evenness and divergence [38].
Functional richness. A measure of the functional (niche) space filled by a community, e.g. single-trait: FRci [38]; multi-trait:
FRic [39].
Functional evenness. A measure of the regularity of functional trait distribution in trait space according to abundances, e.g.
single-trait: Evar [40]; multi-trait: FEve [39].
Functional divergence. A measure of variance in functional traits in trait space, maximized when the most abundant species are
highly divergent, e.g. single-trait: FDvar [38]; multi-trait: FDiv [39].
Functional dispersion. An index combining functional richness and functional divergence, e.g. single- or multi-trait: Rao’s Q
[41]; multi-trait: FDis [42].
Community-weighted mean functional traits. A measure of dominant functional traits; the mean functional trait value for a given
trait within a community, weighted by abundance.
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important in identifying existing spatial congruence in conser-
vation priorities, findings from such studies serve only to
describe spatial patterns in incomplete B–ES linkages. The eco-
logical mechanisms driving B–ES relationships are controlled
by the whole suite of organisms in a given area [43,49–51].
Excepting for some specific ES (e.g. pollination; [14,52,53]),
B–ES studies have then focused on groups unlikely to produce
a direct mechanistic influence, linking e.g. diversity of mam-
mals to carbon storage or trees to game production [16,48]. EF
is controlled by intricate trophic interactions, yet much B–ES
research ignores this inherent complexity (but see [49,54,55]).
(b) The importance of scale
B–ES research has largely involved spatially correlative
studies across extremely large management-relevant scales
(e.g. [15,30,47,48]). Such studies have generated a wealth of
knowledge on broadB–ES linkages andES valuation [5].How-
ever,working at such extensive spatial scales incurs substantial
information loss regarding the mechanisms underpinning
B–ES relationships, as key EFs promoted byorganisms operate
at much finer scales [14]. Common landcover-based B–ES
studies [7,9], in addition to providing poor fits to actual ES
data [19,26,56], do not enable examination of B–ES relation-
ships within ecosystems. For example, while mangrove forest
areal loss produces important trade-offs between coastal pro-
tection and shrimp farming [57], little is known about the
role mangrove biodiversity itself plays in this relationship,
despite it strongly influencing functionality [58]. Findings
from B–ES relationships across multiple ecosystem types (butsee [16,53]) may moreover be obscured by the type and diver-
sity of ecosystems present. For example, carbon storage across
the UK is greatest in areas of intermediate biodiversity, due to
strong abiotic controls on carbon cycling in temperate uplands
[29]. Use of coarse biodiversity data over large areas can then
confound landscape-level biodiversity phenomena (box 1;
[26]), weakening our understanding of local B–ES relation-
ships by confusing spatial and temporal complementarity
effects of beta and gamma diversity ([59]; box 1).
3. Lessons to be learned from B–EF research
(a) Lesson 1: moving from species to functional traits
In contrast to B–ES research, the B–EF field has seen a greater
focus on species’ characteristics [3,44,46,51,60]. Increasing evi-
dence now shows that the key means by which species
influence EFs is through their functional traits (phenotypic
attributes that direct niche exploitation; [44]), which may not
always be well described by often-used measures of phylo-
genetic diversity [61]. While functional diversity (box 1) may
theoretically increase with species richness in some contexts
[3], taxonomic biodiversity measures (particularly species
richness) have been found to explain little variance in EFs
compared with functional trait indices [45].
(b) Lesson 2: considering the existence of multiple
mechanisms
In comparison to the B–ES field, which has focused almost
exclusively on the hypothesis that biodiversity drives ES (but
species richness
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Figure 2. Representation of observed static species richness-based B–EF
relationships. B–EF relationships can vary from linear to rapidly saturating,
where high levels of ecosystem functioning occurs in the presence of few
species [60,62]. Commonly observed saturating B–EF relationships show
complementarity between species at low species richness (complementarity
in niche partitioning resulting in increased overall resource use) driving
increased functionality, while at higher levels of species richness many species
may exhibit redundancy [60,62–64]. Note that static saturating curves do not
imply actual functional redundancy in some species; temporal heterogeneity
increases the insurance value of biodiversity through time [63–65].
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for how organisms promote EFs: (i) the diversity hypothesis:
mechanisms including niche complementarity and insurance
(compensatory dynamics through space and time) (figure 2)
and (ii) the mass ratio hypothesis (functional traits of dominant
species chiefly promote EFs) [3,51,66,67]. Experimental B–EF
research focusing on species richness has provided broad sup-
port for the diversity hypothesis [5,60,63,65–68]. Trait-based
research has, however, shown that many EFs are driven predo-
minantly by mass ratio (e.g. NPP, decomposition, nitrification,
carbon content; [43,45,46,69–72]). Yet high functional diversity
alongside dominant traits may additionally promote EFs
[44,69,71,73,74]; especially so by providing stability [63,65].
Greater levels of biodiversity may be required to support mul-
tiple EFs simultaneously [63,68,75–77], as the functional traits
and importance of complementarity may vary for different
EFs ([45]; but see [51]). Given the high functional distinctiveness
of rare species, biodiversity may thus remain paramount to
maintaining multifunctionality in space and time [78].
(c) Lesson 3: shifting from regional to within-ecosystem
scales
In complete contrast to B–ES research, B–EF studies have routi-
nely been conducted in controlled experimental settings at small
scales [60]. Observational B–EF investigation is becoming
increasingly common, and important studies now corroborate
experimental findings within real systems (e.g. [79–82]; but see
[83–85]). Data collection at small (i.e. plot-based) scales in both
experimental and observational studies means B–EF research
is conducted at meaningful extents across which biodiversity’s
linkages to EFs mechanistically operate, while simultaneously
enabling comparisons across large areas (e.g. [80,81,84]). Small
scales of data collection have importantly meant that B–EF
research examines biodiversity’s role in promoting EFs within
specific ecosystem types (e.g. [80,81]). This focus on within-
ecosystem type studies is crucial, as the nature of B–EF linkages,
and the final ES they underpin (e.g. in converted versus natural
systems; figure 1), can be highly context-dependent.(d) Lesson 4: relationships are context-dependent
In addition to biodiversity effects per se, EFs are driven by other
interacting drivers: abiotic and climatic controls [44,63,80], dis-
turbance [86,87] andmanagement [88] (figure 1). The interplay
between abiotic drivers, biodiversity and productivity is a key
control on multifunctionality [30,44,64]. Both the number and
identity of species promoting EFs differs according to the
environmental context (e.g. CO2 and N concentrations; [63]),
disturbance history [86] and ecosystem management [88],
thus both the strength and form of B–EF relationships may
vary strongly across contexts. Outside of experimental settings,
B–EF relationships can be stronger because of a greater fre-
quency of complementary species interactions [82,84,85]; or
distinct dominance structures can enhance dominant species’
influence in other systems [53]. It has been hypothesized that
beyond the lower end of a species richness gradient, the main
driver of EFs is community functional structure [70]. If the
static influence of biodiversity on EFs can be captured by satur-
ating positive curves [63,65,82], less productive, species-poor
systems ([89,90]; e.g. deserts, mangroves) may display com-
paratively low redundancy, being consistently towards the
left-hand side of these relationships (figure 2). However,
while positive B–EF relationships have been observed in
many species-poor systems (global drylands [81], boreal over
temperate forests [80], early- over late-successional forests
([87]; but see [91])), very strong positive relationships have
also been found in highly species-rich systems [84,85]. Further-
more, biodiversity remains the primary determinant of some
EFs globally (e.g. decomposition; [92]).4. Towards a more integrated, mechanistic
understanding of B–ES relationships
We are beginning to acquire a good understanding of diver-
sity and dominance-based functional B–EF relationships in
given contexts [44,46,70]. However, substantial research is
required if we are to gain a more mechanistic and predictive
understanding of individual and multiple B–EF and B–ES
relationships. Efforts must now be made to (i) quantify how
multiple B–EF relationships scale up to final ES delivery
and (ii) elucidate the pathway of EF-generated trade-offs
between final ES across landscapes. Here we outline a step-
by-step research framework through which these connections
may begin to be explored.
(a) Understanding final ES as a product of multiple EFs
An important redefinition of biodiversity’s influence on ES
has recently been outlined as a ‘multi-layered relationship’
[4]. Some final ES are delivered by organisms directly: a cer-
tain group of organisms acting as a good or carrying out a
final ES (e.g. wild crop, fruit or game production, agricultural
pollination) [4]. For such final ES, an important avenue of
B–ES research explicitly links functional trait efficiency and
abundance to ES delivery (‘ecosystem service providers’
[14,52]). However, biodiversity across multiple trophic
levels facilitates many final regulating ES via the multitude
of key EFs underpinning them (table 1; [4,27,43,64]). This
full pathway of EF effects is not considered in B–ES research
(but see [20,93]). ES research is unintentionally moving
towards such a goal by examining ES ‘bundles’: identification
of groups of ES commonly positively associated in space
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Box 2. A framework for establishing EF portfolios.
T
q
b = 0.90
NPP
TE
C 
(th
a–
1 )
TE
C 
(th
a–
1 )
TE
C 
(th
a–
1 )
l = 1.00
T
q
b = 0.65
bioturbation (crab)
propagule predation (crab)
l = 0.75
T
b = 0
importance
value = 0
ES portfolio
propagule pred. (crab)
aerial root biomass
litter fall rate
soil N content
bioturbation (crab)
soil respiration
soil OM content
decomposition rate
root respiration
NPP
soil P content
0
0.40
0.99
1.32
1.40
–1.68
1.68
–1.79
1.84
1.90
1.25
importance
value = 1.40
importance
value = 1.90
l = 0
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connections with similar underlying EFs. For example, the
‘forest services’ (carbon storage, timber, air cleansing, erosion
control, recreation) and ‘soil and water services’ (water pro-
vision, soil carbon, infiltration) bundles across Europe [15]
are positively underpinned by many similar EFs (table 1).
However, we still lack quantitative understanding of inter-
linkages between multiple underlying EFs, and how separate
biodiversity effects may mediate these interrelationships [20].
Looking to underpinning EFs is an essential next step for
B–ES research if we are to ascertain biodiversity’s mechanistic
role. High levels of biodiversity may be required to drive those
final ES underpinned by multiple EFs in a given context as
(i) EFs positively promoting final ES are not always positively
correlated [32,95], (ii) different EFs may contribute both posi-
tively and negatively [20,27], (iii) some final ES are the sum
of contributions from multiple ecosystem compartments
(e.g. total ecosystem carbon storage; [27]), (iv) different EFs
are predominantly promoted by different groups of organisms
(trophic or functional groups; table 1; [14]), and (v) the main
mechanisms by which organisms promote different EFs may
vary (diversity versus dominance; [44,45]).(b) Characterizing which EFs underpin ES delivery
Amajor future area for B–ES research lies in quantifying those
key EFs contributing to final ES [5,44]. The B–EF field has seenmuch research into ecosystemmultifunctionality, revealing the
greater role of biodiversity in supporting multiple over single
EFs [63,68,75–77,81]. Frameworks for quantifying ecosystem
multifunctionality are fast-developing [96], and may enable
exploration of B–EF linkages for groups of EFs underpinning
specific final ES. However, inference from multifunctionality
indices to identify key EFs underpinning final ES delivery is
limited, especially so as multifunctionality B–EF linkages do
not always reflect the strength, direction and mechanisms
of all component individual B–EF relationships [97]. At the
other end of the spectrum, ES research estimates ES via under-
lying EFs using ecological production functions [98]. However,
these can range in nature from simplistic (carbon storage) to
highly complex (water quality), ignore EF interlinkages and
rely on basic linkages to biodiversity [93].
For quantification of key EFs, we here define the concept
of ‘EF portfolios’ for given final ES, identifiable via plot-
based or landscape-scale assessment of multiple sites. The
process requires at each place simultaneously quantifying
all measurable EFs potentially underlying a given final ES
(table 1). This refers not only to positively contributing EFs
but also to those potentially negatively impacting final ES
delivery ([27]; e.g. herbivory for timber production, transpira-
tion for water availability). It is then possible to assess (i) the
average relative contribution of an EF and (ii) its ‘irreplace-
ability’ to final ES delivery (box 2). For the latter, threshold
levels of final ES can be set, based on, e.g. stakeholder
ES
EF1 EF2 EF3
biodiversity dominant
species
ES
EF1 EF2 EF3
(b)(a)
(c)
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for their overall contribution to this threshold; i.e. do low
values of one or few EFs consistently result in final ES deliv-
ery below the set threshold, or do other EFs make up the
difference? Similarly to quantifying ‘ecosystem service provi-
ders’ [14], these two values of average relative contribution
and ‘irreplaceability’ are summed to create an importance
value for each EF. All EFs with high importance values are
then considered within a given ES’ EF portfolio (box 2).
Importantly, EF portfolios can be determined by combining
multiple proxy datasets, and may be central to identifying
the relative utility of commonly used ES proxies [26].ES
EF1 EF2 EF3
ES
EF1+ EF2 EF3
biodiversity dominant
species
ES
EF1 EF2 EF3 EF4 EF5
trophic
level 1
trophic
level 2
(d )
Figure 3. Hypothetical variation in B–EF–ES relationships (see also [18]) as
driven by the main contributing EFs (within an EF portfolio). Black arrows
refer to positive effects (dashed arrows displaying less strong effects) while
grey arrows refer to negative effects.
oc.R.Soc.B
282:20151348(c) Quantifying synergies and trade-offs between EFs
and final ES delivery
(i) Grouping EFs according to common traits and mechanisms
Can EFs be grouped according to the main groups of organ-
isms and traits underpinning them in a given context?
At least for some plant-mediated EFs key to underpinning
some final ES (e.g. timber production, erosion control;
table 1), the answer may be yes [20,45]. However, there
may exist fundamental trait-based trade-offs between EFs
[20], which may be severe if the main mechanism of their
promotion is via dominant functional traits. Furthermore,
diversity in some traits may positively influence EFs along-
side the dominance of others [45,78]. Thus from the cohort
of EFs in a given ecosystem, there may emerge a multitude
of ‘EF groupings’ identifiable by similarities in (i) the main
contributing group (trophic level or functional group),
(ii) functional traits, and (iii) biodiversity mechanisms
underpinning them.
More comprehensive study of diverse B–EF relation-
ships must first be conducted before EF groupings may be
confidently established. First, focus has been largely on EFs
promoted by primary producers, and many animal-mediated
EFs (excepting invertebrate pollinators and detritivores) are
currently understudied: e.g. herbivory, seed dispersal or
nutrient filtration [51]. At least for herbivorous [99] and seed-
dispersing vertebrates [100], functional redundancy may be
low; however, trait-based assessments of these B–EF relation-
ships are rarely conducted (but see [101]). This is a vital
future research area, as interactions across trophic levels are
key to promoting EFs [49,54,55]. For example, the impact of
herbivore diversity on grassland EFs may be substantial [68],
and intensive herbivory may impact the strength of observed
plant B–EF relationships [102]. Second, B–EF studies have
still mostly considered single or a few EFs (in particular,
e.g. NPP, biomass production; but see [69–71,81]), and few
have explored the relative influences of functional diversity
and dominant traits on multiple EFs. This should now be
a research priority; considering individual EFs separately
in multifunctionality studies (sensu [45]; see also [97]). Finally,
trait-based B–EF studies have been conducted in few eco-
system types (mostly grasslands and forests). Thus, we
currently have limited understanding of potential ecosystem
controls on the importance of complementarity mechanisms
(e.g. [44,45,80,87]). B–EF research must now look to further
trait-based study of the mechanisms promoting multiple
EFs across under-studied ecosystem types; in particular,
highly species-rich systems ([84,85,90]; see also [44] for an
important framework).(ii) Comparing EF portfolios with multiple EF groupings to
examine EF trade-offs
Exploring potential trade-offs in underlying EFs enables us to
better understand mechanistic drivers of final ES and the
trade-offs that may exist in their delivery. While recent
work has illustrated trait-based pathways to underlying EF
trade-offs [20], to date there does not exist a framework
which (i) incorporates multiple mechanistic B–EF relation-
ships from multiple trophic levels (but see [49]), (ii) can
account for B–EF relationships from multiple ecosystem com-
ponents [27] and (iii) can contrast these B–EF relationships
across pairings of final ES and ecosystem types [18]. We pro-
pose that overlapping EF portfolios with EF groupings
identified through future B–EF research provides a rudi-
mentary means to assess final ES trade-offs through the full
mechanistic pathway.
In comparing EF portfolios with general EF groupings in a
specific context, a number of scenarios may emerge. First, the
EF portfolio for a final ES may be predominantly promoted
by one EF grouping (all key EFs promoted by the same func-
tional traits via the same main mechanism). Depending on
the mechanism driving the EF grouping (diversity or domi-
nance [44]), we can determine a strong positive (figure 3a) or
rspb.royalsocietypublishing.org
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delivery in a given context (e.g. agricultural pollination
[15,52,53]; timber production [16,71]). Second, an EF portfolio
may be promoted by multiple EF groupings according to
(i) different mechanisms and (ii) different functional traits of
the main contributing group of organisms: e.g. potential EF
trade-offs under different biodiversity scenarios [20]. For
example, dominance of high root : shoot ratio and height traits
(high rooting [103] and vertical biomass production) and diver-
sity in growth form traits (above-ground structural variation) in
vegetation communities may contribute positively to coastal
storm attenuation (figure 3c). Here high species richness and
distinctive traits of rare species [78] may provide additional
complementarity to driving key EFs [44,69,70, 73,74]. Finally,
multiple EF groupings may comprise the EF portfolio, pro-
moted by various trophic levels (both positively and
negatively): e.g. final ES (i) delivered via EFs pertaining to mul-
tiple ecosystem compartments (e.g. carbon storage [29,71]; see
also [27]; box 2), or (ii) controlled strongly bymulti-trophic inter-
actions (e.g. timber or fodder production [44,68]). A plethora of
contributingEFs and strong species interactionsmaymeanhigh
levels of biodiversity drive final ES (figure 3d; [85]), and further
work is required to understand relative trophic controls [49].
Overlapping EF portfolios and corresponding EF group-
ings may further enable us to establish mechanistic drivers
of trade-offs between final ES. Via simple comparison of
the overlap between the EF portfolios of two final ES and
the EF groupings encompassing them, we may begin to
identify differences in the traits and mechanisms chiefly pro-
moting them in given contexts. Rigorous continued multiple
B–EF research across a wide range of ecosystem types will
further enable comparison of how and when the traits and
biodiversity mechanisms promoting them result in synergies
and trade-offs in final ES delivery across contexts. Such an
approach may vastly improve current predictability of ES
synergies and trade-offs, and future findings may be com-
pared with those from ES bundles research [15,19,94] toelucidate mechanistic underpinnings of observed B–ES
relationships in space.5. Conclusion
Over the last decades, we have seen substantial research quan-
tifying biodiversity’s role in promoting EFs and ES [5,6,68,93];
we are rapidly gaining insight into (i) the mechanisms by
which organisms promote different EFs [44–46,85], (ii) the
tendency for synergies and trade-offs between ES across land-
scapes [15,19,94] and (iii) how scenarios of management and
land-use change interact with these associations [104]. Concep-
tual frameworks are emergingmechanistically linkingmultiple
facets of biodiversity to ES delivery [14,20,44,49], and the vul-
nerability of specific ES to biodiversity loss via these functional
linkages [14,49,105]. However, what is lacking is a means to
bring all of these avenues together to understand and predict
the ES impacts of biodiversity change. Vital research avenues
to work towards this goal lie in (i) improving coverage of
EFs, higher trophic levels and understudied ecosystems in
observational B–EF research, (ii) working to identify general-
ities in the traits and mechanisms involved in multiple B–EF
relationships, (iii) moving from proxies to considering final
ES as the net product of key underpinning EFs (EF portfolios),
(iv) identifying trait-based synergies and trade-offs between
EFs and how these extend to final ES trade-offs and finally
(v) exploring context-dependency to these mechanisms and
associations (and their implications for landscapemanagement
[106]). The road ahead to establishing these goals is long and
data-intensive, but the outlook is that we may already possess
many of the tools required to reach a greater mechanistic
understanding and predictability of B–ES relationships.
Competing interests. We declare we have no competing interests.
Funding. We received no funding for this study.
Acknowledgements. We thank two anonymous reviewers for helpful
comments on a previous version of this manuscript.References1. Mace GM. 2014 Whose conservation? Science 345,
1558–1560. (doi:10.1126/science.1254704)
2. Millennium Ecosystem Assessment. 2005 Ecosystems
and human well-being: biodiversity synthesis.
Washington, DC: World Resources Institute.
3. Hooper DU et al. 2005 Effect of biodiversity on ecosystem
functioning: a consensus of current knowledge. Ecol.
Monogr. 75, 3–35. (doi:10.1890/04-0922)
4. Mace GM, Norris K, Fitter AH. 2012 Biodiversity and
ecosystem services: a multilayered relationship.
Trends Ecol. Evol. 27, 19–26. (doi:10.1016/j.tree.
2011.08.006)
5. Cardinale BJ et al. 2012 Biodiversity loss and its
impact on humanity. Nature 486, 59–67. (doi:10.
1038/nature11148)
6. Harrison PA et al. 2014 Linkages between
biodiversity attributes and ecosystem services: a
systematic review. Ecosystem Services 9, 191–203.
(doi:10.1016/j.ecoser.2014.05.006)
7. Naidoo R, Balmford A, Costanza R, Fisher B,
Green RE, Lehner B, Malcolm TR, Ricketts TH. 2008Global mapping of ecosystem services and
conservation priorities. Proc. Natl Acad. Sci. USA
105, 9495–9500. (doi:10.1073/pnas.0707823105)
8. Egoh B, Reyers B, Rouget M, Bode M, Richardson DM.
2009 Spatial congruence between biodiversity and
ecosystem services in South Africa. Biol. Conserv. 142,
553–562. (doi:10.1016/j.biocon.2008.11.009)
9. Chan KMA, Shaw MR, Cameron DR, Underwood EC,
Daily GC. 2006 Conservation planning for ecosystem
services. PLoS Biol. 4, e379. (doi:10.1371/journal.
pbio.0040379)
10. Sachs JD et al. 2009 Biodiversity conservation and
the millennium development goals. Science 325,
1502–1503. (doi:10.1126/science.1175035)
11. Secretariat of the Convention on Biological Diversity.
2014 Global biodiversity outlook 4. Montre´al,
Canada: CBD.
12. McShane TO et al. 2011 Hard choices: making trade-
offs between biodiversity conservation and human
well-being. Biol. Conserv. 144, 966–972. (doi:10.
1016/j.biocon.2010.04.038)13. Schro¨ter M, van der Zanden EH, van Oudenhoven
APE, Remme RP, Serna-Chavez HM, de Groot RS,
Opdam P. 2014 Ecosystem services as a contested
concept: a synthesis of critique and counter-
arguments. Conserv. Lett. 7, 514–523. (doi:10.
1111/conl.12091)
14. Kremen C. 2005 Managing ecosystem services:
what do we need to know about their ecology?
Ecol. Lett. 8, 468–479. (doi:10.1111/j.1461-0248.
2005.00751.x)
15. Maes J, Paracchini ML, Zulian G, Dunbar MB,
Alkemade R. 2012 Synergies and trade-offs
between ecosystem service supply, biodiversity and
habitat conservation status in Europe. Biol. Conserv.
155, 1–12. (doi:10.1016/j.biocon.2012.06.016)
16. Gamfeldt L et al. 2013 Higher levels of multiple
ecosystem services are found in forests with more
tree species. Nat. Commun. 4, 1340. (doi:10.1038/
ncomms2328)
17. Rodrı´guez JP, Beard Jr TD, Bennett EM, Cumming
GS, Cork S, Agard J, Dobson AP, Peterson GD. 2006
rspb.royalsocietypublishing.org
Proc.R.Soc.B
282:20151348
9
 on December 11, 2015http://rspb.royalsocietypublishing.org/Downloaded from Trade-offs across space, time, and ecosystem
services. Ecol. Soc. 11, 28.
18. Bennett EM, Peterson GD, Gordon LJ. 2009
Understanding relationships among multiple
ecosystem services. Ecol. Lett. 12, 1–11. (doi:10.
1111/j.1461-0248.2009.01387.x)
19. Raudsepp-Hearne C, Peterson GD, Bennett EM. 2010
Ecosystem service bundles for analyzing tradeoffs in
diverse landscapes. Proc. Natl Acad. Sci. USA 107,
5242–5247. (doi:10.1073/pnas.0907284107)
20. Lavorel S, Grigulis K. 2012 How fundamental plant
functional trait relationships scale-up to trade-offs
and synergies in ecosystem services. J. Ecol. 100,
128–140. (doi:10.1111/j.1365-2745.2011.01914.x)
21. Nicholson E et al. 2009 Priority research areas for
ecosystem services in a changing world. J. Appl.
Ecol. 46, 1139–1144. (doi:10.1111/j.1365-2664.
2009.01716.x)
22. Boyd J, Banzhaf S. 2007 What are ecosystem
services? The need for standardized environmental
accounting units. Ecol. Econ. 63, 616–626. (doi:10.
1016/j.ecolecon.2007.01.002)
23. Wallace KJ. 2007 Classification of ecosystem services:
problems and solutions. Biol. Conserv. 139,
235–246. (doi:10.1016/j.biocon.2007.07.015)
24. Fisher B, Turner RK. 2008 Ecosystem services:
classification for valuation. Biol. Conserv. 141,
1167–1169. (doi:10.1016/j.biocon.2008.02.019)
25. Haines-Young R, Potschin M. 2010 The links
between biodiversity, ecosystem services and
human well-being. In Ecosystem ecology: a new
synthesis (eds D Raffaelli, C Frid), BES Ecological
Reviews Series, pp. 110–139. Cambridge, UK:
Cambridge University Press.
26. Eigenbrod F, Armsworth PR, Anderson BJ,
Heinemeyer A, Gillings S, Roy DB, Thomas CD,
Gaston KJ. 2010 The impact of proxy-based
methods on mapping the distribution of ecosystem
services. J. Appl. Ecol. 47, 377–385. (doi:10.1111/j.
1365-2664.2010.01777.x)
27. Balvanera P et al. 2014 Linking biodiversity and
ecosystem services: current uncertainties and the
necessary next steps. Bioscience 64, 49–57. (doi:10.
1093/biosci/bit003)
28. Stephens PA, Pettorelli N, Barlow J, Whittingham
MJ, Cadotte MW. 2015 Management by proxy? The
use of indices in applied ecology. J. Appl. Ecol. 52,
1–6. (doi:10.1111/1365-2664.12383)
29. Maskell LC et al. 2013 Exploring the ecological
constraints to multiple ecosystem service delivery
and biodiversity. J. Appl. Ecol. 50, 561–571.
(doi:10.1111/1365-2664.12085)
30. Costanza R, Fisher B, Mulder K, Liu S, Christopher T.
2007 Biodiversity and ecosystem services: a multi-scale
empirical study of the relationship between species
richness and net primary production. Ecol. Econ. 61,
478–491. (doi:10.1016/j.ecolecon.2006.03.021)
31. Werling BP et al. 2014 Perennial grasslands enhance
biodiversity and multiple ecosystem services in
bioenergy landscapes. Proc. Natl Acad. Sci. USA 111,
1652–1657. (doi:10.1073/pnas.1309492111)
32. Potvin C et al. 2011 An ecosystem approach to
biodiversity effects: carbon pools in a tropical treeplantation. Forest Ecol. Manag. 261, 1614–1624.
(doi:10.1016/j.foreco.2010.11.015)
33. Liss KN et al. 2013 Variability in ecosystem service
measurement: a pollination service case study. Front.
Ecol. Environ. 11, 414–422. (doi:10.1890/120189)
34. Wong CP, Jiang B, Kinzig AP, Lee MN, Ouyang Z.
2015 Linking ecosystem characteristics to final
ecosystem services for public policy. Ecol. Lett. 18,
108–118. (doi:10.1111/ele.12389)
35. Lyashevska O, Farnsworth KD. 2012 How many
dimensions of biodiversity do we need? Ecol. Indic.
18, 485–492. (doi:10.1016/j.ecolind.2011.12.016)
36. Hill MO. 1973 Diversity and evenness: a unifying
notation and its consequences. Ecology 54,
427–432. (doi:10.2307/1934352)
37. Jost L. 2007 Partitioning diversity into independent
alpha and beta components. Ecology 88,
2427–2439. (doi:10.1890/06-1736.1)
38. Mason NWH, Mouillot D, Lee WG, Wilson JB. 2005
Functional richness, functional evenness and
functional divergence: the primary components of
functional diversity. Oikos 111, 112–118. (doi:10.
1111/j.0030-1299.2005.13886.x)
39. Ville´ger S, Mason NWH, Mouillot D. 2008 New
multidimensional functional diversity indices for a
multifaceted framework in functional ecology.
Ecology 89, 2290–2301. (doi:10.1890/07-1206.1)
40. Smith B, Wilson JB. 1996 A consumer’s guide to
evenness indices. Oikos 76, 70–82. (doi:10.2307/
3545749)
41. Rao CR. 1982 Diversity and dissimilarity coefficients:
a united approach. Theor. Popul. Biol. 21, 24–43.
(doi:10.1016/0040-5809(82)90004-1)
42. Laliberte´ E, Legendre P. 2010 A distance-based
framework for measuring functional diversity from
multiple traits. Ecology 91, 299–305. (doi:10.1890/
08-2244.1)
43. Lavorel S, Grigulis K, Lamargue P, Colace M-P,
Garden D, Girel J, Pellet G, Douzet R. 2011 Using
plant functional traits to understand the landscape
distribution of multiple ecosystem services. J. Ecol.
99, 135–147. (doi:10.1111/j.1365-2745.2010.
01753.x)
44. Dı´az S, Lavorel S, de Bello F, Que´tier F, Grigulis K,
Robson TM. 2007 Incorporating plant functional
diversity effects in ecosystem service assessments.
Proc. Natl Acad. Sci. USA 104, 20 684–20 689.
(doi:10.1073/pnas.0704716104)
45. Mokany K, Ash J, Roxburgh S. 2008 Functional
identity is more important than diversity in
influencing ecosystem processes in a temperate
native grassland. J. Ecol. 96, 884–893. (doi:10.
1111/j.1365-2745.2008.01395.x)
46. Lavorel S. 2013 Plant functional effects on
ecosystem services. J. Ecol. 101, 4–8. (doi:10.1111/
1365-2745.12031)
47. Anderson BJ, Armsworth PR, Eigenbrod F, Thomas
CD, Gillings S, Heinemeyer A, Roy DB, Gaston KJ.
2009 Spatial covariance between biodiversity and
other ecosystem service priorities. J. Appl. Ecol. 46,
888–896. (doi:10.1111/j.1365-2664.2009.01666.x)
48. Strassburg BBN et al. 2010 Global congruence of
carbon storage and biodiversity in terrestrialecosystems. Conserv. Lett. 3, 98–105. (doi:10.1111/
j.1755-263X.2009.00092.x)
49. Lavorel S et al. 2013 A novel framework for linking
functional diversity of plants with other trophic
levels for the quantification of ecosystem services.
J. Veg. Sci. 24, 942–948. (doi:10.1111/jvs.12083)
50. Tilman D. 1997 Distinguishing between the effects
of species diversity and species composition. Oikos
80, 185. (doi:10.2307/3546532)
51. de Bello F et al. 2010 Towards an assessment of
multiple ecosystem processes and services via
functional traits. Biodivers. Conserv. 19,
2873–2893. (doi:10.1007/s10531-010-9850-9)
52. Kremen C, Williams NM, Thorp RW. 2002 Crop
pollination from native bees at risk from agricultural
intensification. Proc. Natl Acad. Sci. USA 99,
16 812–16 816. (doi:10.1073/pnas.262413599)
53. Winfree R, Fox JW, Williams NM, Reilly JR, Cariveau DP.
2015 Abundance of common species, not species
richness, drives delivery of a real-world ecosystem
service. Ecol. Lett. 18, 626–635. (doi:10.1111/ele.12424)
54. Dobson A et al. 2006 Habitat loss, trophic collapse,
and the decline of ecosystem services. Ecology 87,
1915–1924. (doi:10.1890/0012-9658(2006)87
[1915:HLTCAT]2.0.CO;2)
55. Duffy JE, Cardinale BJ, France KE, McIntyre PB,
The´bault E, Loreau M. 2007 The functional role of
biodiversity in ecosystems: incorporating trophic
complexity. Ecol. Lett. 10, 522–538. (doi:10.1111/j.
1461-0248.2007.01037.x)
56. Ayanu YZ, Conrad C, Nauss T, Wegmann M, Koellner
T. 2014 Quantifying and mapping ecosystem
services supplies and demands: a review of the
remote sensing applications. Environ. Sci. Technol.
46, 8529–8541. (doi:10.1021/es300157u)
57. Barbier EB et al. 2008 Coastal ecosystem-based
management with nonlinear ecological functions
and values. Science 319, 321–323. (doi:10.1126/
science.1150349)
58. Field CB et al. 1998 Mangrove biodiversity and
ecosystem function. Global Ecol. Biogeogr. Lett. 7,
3–14. (doi:10.2307/2997693)
59. Pasari JR, Levi T, Zavaleta ES, Tilman D. 2013
Several scales of biodiversity affect ecosystem
multifunctionality. Proc. Natl Acad. Sci. USA 110,
10 219–10 222. (doi:10.1073/pnas.1220333110)
60. Cardinale BJ, Matulich KL, Hooper DU, Byrnes JE,
Duffy JE, Gamfeldt L, Balvanera P, O’Connor MI,
Gonzalez A. 2011 The functional role of producer
diversity in ecosystems. Am. J. Bot. 98, 572–592.
(doi: 10.3732/ajb.1000364)
61. Venail P et al. 2015 Species richness, but not
phylogenetic diversity, influences community biomass
production and temporal stability in a re-examination
of 16 grassland biodiversity studies. Funct. Ecol. 29,
615–626. (doi:10.1111/1365-2435.12432)
62. Gamfeldt L, Lefcheck JS, Byrnes JEK, Cardinale BJ,
Duffy JE, Griffin JN. 2015 Marine biodiversity and
ecosystem functioning: what’s known and what’s
next? Oikos 124, 252–265. (doi:10.1111/oik.01549)
63. Isbell F et al. 2011 High plant diversity is needed to
maintain ecosystem services. Nature 477, 199–202.
(doi:10.1038/nature10282)
rspb.royalsocietypublishing.org
Proc.R.Soc.B
282:20151348
10
 on December 11, 2015http://rspb.royalsocietypublishing.org/Downloaded from 64. Loreau M. 2010 Linking biodiversity and ecosystems:
towards a unifying ecological theory. Phil. Trans. R.
Soc. B 365, 49–60. (doi:10.1098/rstb.2009.0155)
65. Reich PB, Tilman D, Isbell F, Mueller K, Hobbie SE,
Flynn DFB, Eisenhauer N. 2012 Impacts of
biodiversity loss escalate through time as
redundancy fades. Science 336, 589–592. (doi:10.
1126/science.1217909)
66. Grime JP. 1998 Benefits of plant diversity to
ecosystems: immediate, filter and founder effects.
J. Ecol. 86, 902–910. (doi:10.1046/j.1365-2745.
1998.00306.x)
67. Loreau M. 2000 Biodiversity and ecosystem
functioning: recent theoretical advances. Oikos 91,
3–17. (doi:10.1034/j.1600-0706.2000.910101.x)
68. Lefcheck JS, Byrnes JEK, Isbell F, Gamfeldt L, Hensel
JNM, Hector A, Cardinale BJ, Duffy JE. 2015
Biodiversity enhances ecosystem multifunctionality
across trophic levels and habitats. Nat. Commun. 6,
6936. (doi:10.1038/ncomms7936)
69. Laughlin DC. 2011 Nitrification is linked to
dominant leaf traits rather than functional diversity.
J. Ecol. 99, 1091–1099. (doi:10.1111/j.1365-2745.
2011.01856.x)
70. Mouillot D, Ville´ger S, Scherer-Lorenzen M, Mason NWH.
2011 Functional structure of biological communities
predicts ecosystem multifunctionality. PLoS ONE 6,
e17476. (doi:10.1371/journal.pone.0017476)
71. Conti G, Dı´az S. 2013 Plant functional diversity and
carbon storage—an empirical test in semi-arid
forest ecosystems. J. Ecol. 101, 18–28. (doi:10.
1111/1365-2745.12012)
72. Grigulis K et al. 2013 Relative contributions of plant
traits and soil microbial properties to mountain
grassland ecosystem services. J. Ecol. 101, 47–57.
(doi:10.1111/1365-2745.12014)
73. Ruiz-Jaen MC, Potvin C. 2010 Tree diversity explains
variation in ecosystem function in a neotropical
forest in Panama. Biotropica 42, 638–646. (doi:10.
1111/j.1744-7429.2010.00631.x)
74. Valencia E, Maestre FT, Le Bagousse-Pinguet Y,
Quero JL, Tamme R, Bo¨rger L, Garcı´a-Go´mez M,
Gross N. 2015 Functional diversity enhances the
resistance of ecosystem multifunctionality to aridity
in Mediterranean drylands. New Phytol. 206,
660–671. (doi:10.1111/nph.13268)
75. Hector A, Bagchi R. 2007 Biodiversity and ecosystem
multifunctionality. Nature 448, 188–190. (doi:10.
1038/nature05947)
76. Gamfeldt L, Hillebrand H, Jonsson PR. 2008
Multiple functions increase the importance of
biodiversity for overall ecosystem functioning.
Ecology 89, 1223–1231. (doi:10.1890/06-2091.1)
77. Zavaleta ES, Pasari JR, Hulvey KB, Tilman GD. 2010
Sustaining multiple ecosystem functions in
grassland communities requires higher biodiversity.
Proc. Natl Acad. Sci. USA 107, 1443–1446. (doi:10.
1073/pnas.0906829107)
78. Mouillot D et al. 2013 Rare species support
vulnerable functions in high-diversity ecosystems.
PLoS Biol. 11, e1001569. (doi:10.1371/journal.pbio.
1001569)79. Vila` M, Vayreda J, Comas L, Iba´n˜as JJ, Mata T, Obo´n
B. 2007 Species richness and wood production: a
positive association in Mediterranean forests. Ecol.
Lett. 10, 241–250. (doi:10.1111/j.1461-0248.2007.
01016.x)
80. Paquette A, Messier C. 2011 The effect of
biodiversity on tree productivity: from temperate to
boreal forests. Global Ecol. Biogeogr. 20, 170–180.
(doi:10.1111/j.1466-8238.2010.00592.x)
81. Maestre FT et al. 2012 Plant species richness and
ecosystem multifunctionality in global drylands.
Science 335, 214–218. (doi:10.1126/science.
1215442)
82. Zimmerman EK, Cardinale BJ. 2014 Is the
relationship between algal diversity and biomass in
North American lakes consistent with biodiversity
experiments? Oikos 123, 267–278. (doi:10.1111/j.
1600-0706.2013.00777.x)
83. Grace JB et al. 2007 Does species diversity limit
productivity in natural grassland communities? Ecol.
Lett. 10, 680–689. (doi:10.1111/j.1461-0248.2007.
01058.x)
84. Danovaro R, Gambi C, Dell’Anno A, Corinaldesi C,
Fraschetti S, Vanreusel A, Vincx M, Gooday AJ. 2008
Exponential decline of deep-sea ecosystem
functioning linked to benthic biodiversity loss. Curr.
Biol. 18, 1–8. (doi:10.1016/j.cub.2007.11.056)
85. Mora C, Danovaro R, Loreau M. 2014 Alternative
hypotheses to explain why biodiversity–ecosystem
functioning relationships are concave-up in some
natural ecosystems but concave-down in
manipulative experiments. Sci. Rep. 4, 5427.
(doi:10.1038/srep05427)
86. Wardle DA, Zackrisson O. 2005 Effects of species and
functional group loss on island ecosystem
properties. Nature 435, 806–810. (doi:10.1038/
nature03611)
87. Lasky JR, Uriarte M, Boukili VK, Erickson DL, Kress
WJ, Chazdon RL. 2014 The relationship between
tree biodiversity and biomass dynamics changes
with tropical forest succession. Ecol. Lett. 17,
1158–1167. (doi:10.1111/ele.12322)
88. Ziter C, Bennett EM, Gonzalez A. 2013 Functional
diversity and management mediate aboveground
carbon stocks in small forest fragments. Ecosphere
4, part85. (doi:10.1890/ES13-00135.1)
89. Petchey OL, Gaston KJ. 2002 Functional diversity
(FD), species richness and community composition.
Ecol. Lett. 5, 402–411. (doi:10.1046/j.1461-0248.
2002.00339.x)
90. Dı´az S et al. 2005 Biodiversity regulation of ecosystem
services. In Ecosystems and human well-being: current
state and trends: findings of the Condition and Trends
Working Group (eds R Hassan, R Scholes, N Ash),
pp. 297–329. Washington, DC: Island Press.
91. Zhang Y, Chen HYH, Reich PB. 2012 Forest
productivity increases with evenness, species
richness and trait variation: a global meta-analysis.
J. Ecol. 100, 742–749. (doi:10.1111/j.1365-2745.
2011.01944.x)
92. Cornwell WK et al. 2008 Plant species traits are the
predominant control on litter decomposition rateswithin biomes worldwide. Ecol. Lett. 11, 1065–
1071. (doi:10.1111/j.1461-0248.2008.01219.x)
93. Isbell F, Tilman D, Polasky S, Loreau M. 2015 The
biodiversity-dependent ecosystem service debt. Ecol.
Lett. 18, 119–134. (doi:10.1111/ele.12393)
94. Van der Biest K, D’Hondt R, Jacobs S, Landuyt D,
Staes J, Goethals P, Meire P. 2014 EBI: an index for
delivery of ecosystem service bundles. Ecol. Indic.
37, 252–265. (doi:10.1016/j.ecolind.2013.04.006)
95. Naeem S, Bunker DE, Hector A, Loreau M, Perrings
CH. 2009 Biodiversity, ecosystem functioning and
human well-being: an ecological and economic
perspective. Oxford, UK: Oxford University Press.
96. Byrnes JEK et al. 2014 Investigating the relationship
between biodiversity and ecosystem multifunctionality:
challenges and solutions. Methods Ecol. Evol. 5,
111–124. (doi:10.1111/2041-210X.12143)
97. Bradford MA et al. 2014 Discontinuity in the
responses of ecosystem processes and
multifunctionality to altered soil community
composition. Proc. Natl Acad. Sci. USA 111,
14 478–14 483. (doi:10.1073/pnas.1413707111)
98. Nelson E et al. 2009 Modelling multiple ecosystem
services, biodiversity conservation, commodity
production, and tradeoffs at landscape scales. Front.
Ecol. Environ. 7, 4–11. (doi:10.1890/080023)
99. Pringle RM, Goheen JR, Palmer TM, Charles GK,
DeFranco E, Hohbein R, Ford AT, Tarnita CE. 2014
Low functional redundancy among mammalian
browsers in regulating an encroaching shrub
(Solanum campylacanthum) in African savannah.
Proc. R. Soc. B 281, 20140390. (doi:10.1098/rspb.
2014.0390)
100. Garcı´a D, Martı´nez D. 2012 Species richness matters
for the quality of ecosystem services: a test using
seed dispersal by frugivorous birds. Proc. R. Soc. B
279, 3106–3113. (doi:10.1098/rspb.2012.0175)
101. Deraison H, Badenhausser I, Bo¨rger L, Gross N. 2015
Herbivore effects and their impact on plant
community biomass: an experimental test using
grasshoppers. Funct. Ecol. 29, 650–661. (doi:10.
1111/1365-2435.12362)
102. Muiruri EW, Milligan HT, Morath S, Koricheva J.
2015 Moose browsing alters tree diversity effects on
birch growth and insect herbivory. Funct. Ecol. 29,
724–735. (doi:10.1111/1365-2435.12407)
103. Alongi DM. 2008 Mangrove forests: resilience,
protection from tsunamis, and responses to global
climate change. Estuar. Coast. Shelf S. 76, 1–13.
(doi:10.1016/j.ecss.2007.08.024)
104. Hooper DU et al. 2012 A global synthesis reveals
biodiversity loss as a major driver of ecosystem
change. Nature 486, 105–108. (doi:10.1038/
nature11118)
105. Larsen TH, Williams NM, Kremen C. 2005 Extinction
order and altered community structure rapidly
disrupt ecosystem functioning. Ecol. Lett. 8,
538–547. (doi:10.1111/j.1461-0248.2005.00749.x)
106. Phalan B, Onial M, Balmford A, Green RE. 2014
Reconciling food production and biodiversity
conservation: land sharing and land sparing compared.
Science 333, 1289–1291. (doi:10.1126/science.1208742)
